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The findings of two recent studies suggest a novel
mechanism for nuclear envelope breakdown in
which cytoplasmic dynein anchored on the outside
of the nucleus generates tension, thus triggering
tearing of the nuclear envelope.
The nuclear envelope is composed of a pair of
membrane bilayers, the outer and inner nuclear
membranes, which are joined at nuclear pore com-
plexes. In metazoans, the nuclear envelope has an
additional layer called the nuclear lamina, a mesh of
intermediate filament proteins that underlies the inner
nuclear membrane. While the nuclear envelope forms a
stable network during interphase, it breaks down during
mitosis in most metazoan cells, allowing spindle micro-
tubules to establish interactions with chromosomes
via their kinetochores. The mechanisms triggering
nuclear envelope breakdown (NEBD) have remained
somewhat elusive. The prevailing model posits that
NEBD follows from phosphorylation of nuclear lamins
and other nuclear envelope components by p34cdc2,
resulting in nuclear lamina dissolution and subsequent
disassembly of nuclear envelope components [1]. But
nuclear lamins can become solubilized while other
components of the nuclear envelope remain intact, 
as in pachytene meiotic cells of frog and chicken [2].
Moreover, lamin depolymerization and membrane
breakdown are separable events in cell-free Xenopus
egg extracts [3]. Nuclear lamina destabilization is there-
fore not sufficient for NEBD, at least in some systems.
Recent findings by Salina et al. [4] and Beaudouin et al.
[5] confirm this view, and suggest a novel mechanism
in which NEBD is triggered by dynein-mediated forces
tearing the nuclear envelope [4,5].
Beaudouin et al. [5] used four-dimensional imaging
and fluorescence photobleaching to follow NEBD
dynamics in mammalian NRK cells with unprece-
dented temporal and spatial resolution (Figure 1). They
found that several nuclear envelope components,
including lamin B1, are stably bound to the nuclear
envelope until the time of NEBD, further indicating that
dissolution of the nuclear lamina is not a prerequisite
for NEBD. Importantly, these experiments also
revealed that NEBD initiates with one to three holes
which expand rapidly over the entire nuclear surface.
Analysis of cells coexpressing several fluorescently
tagged nuclear envelope components revealed that
hole formation occurs simultaneously for the inner
nuclear membrane, nuclear pore complexes and
nuclear lamina. Interestingly, these holes are always
located opposite from ~10 µm invaginations in the
nuclear envelope, which were also observed by Salina
et al. [4], as well as by earlier investigators [6–12]. Live
imaging showed that these invaginations originate in
small folds on the surface of the nuclear envelope,
first visible about one hour before NEBD [4]. In an
elegant series of experiments, Beaudouin et al. [5]
addressed whether these invaginations result from the
nuclear envelope being under tension. They generated
a grid on the nuclear envelope by local photobleach-
ing of a lamin B1–YFP (yellow fluorescent protein)
fusion, and followed the position of each line intersec-
tion on the grid as cells approached NEBD. Remark-
ably, the nuclear lamina contracted in the vicinity of
the invaginations, while it expanded on the opposite
surface, where holes eventually formed at the site of
maximum stretching.
What causes invaginations in the nuclear envelope,
and do they play a role in triggering NEBD? As noted
already by the earlier investigators, these invagina-
tions invariably contain the centrosomes, suggesting
that their formation may be microtubule-dependent.
Compatible with this view, invaginations are abolished
by treating cells with the microtubule-destabilizing
agent nocodazole [4,5,8]. But are invaginations and
microtubules absolutely essential for NEBD? Clearly
not, as it is well established that NEBD still occurs in
cells in which the microtubule network is severely
compromised. The two recent studies, however,  have
revealed that NEBD is altered under these conditions.
Salina et al. [4] found that NEBD in NRK cells is
delayed by addition of nocodazole, while Beaudouin
et al. [5] showed that drug treatment dramatically
changes the nature of NEBD, as the lamina becomes
soluble via ‘crumpling’ around condensing chromo-
somes. Microtubules are thus essential for efficient
NEBD, although an alternative pathway is sufficient for
NEBD in their absence.
What mechanisms generate microtubule-dependent
invaginations in the nuclear envelope? Beaudouin
et al. [5] noticed that nuclear envelope fragments left
covering chromosomes after NEBD move towards
centrosomes with velocities characteristic of the
minus-end-directed motor cytoplasmic dynein. This
led them to postulate that dynein-mediated micro-
tubule-dependent forces may also be responsible for
generating invaginations on the nuclear envelope
before NEBD. Salina et al. [4] established that this is
indeed likely to be the case. First, they extended
earlier observations [13,14] by showing that dynein
and the dynactin component p62 localize to the
nuclear envelope just before NEBD. Moreover, they
demonstrated that dynein is recruited to nuclei in vitro
following addition of mitotic cytosol. Salina et al. [4]
then assessed the consequences of overexpressing
the dynactin components p50 or p62, which release
dynein from membranes in other experimental set-
tings. While p50 overexpression also interfered 
with centrosome assembly and progress through
mitosis, preventing a thorough interpretation of poten-
tial effects on NEBD, such complications were not
encountered with p62. Salina et al. [4] found that 
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overexpression of p62 led to a three-fold reduction of
dynein on the nuclear envelope and an eight-fold
decline in the appearance of invaginations. As
expected, this was accompanied by a significant
delay in NEBD, as had been noted with nocodazole-
treated cells. These observations indicate that dynein
is required for generating invaginations on the nuclear
envelope and subsequent tearing of the NEBD.
Taken together, these findings suggest a novel
mechanism for NEBD (Figure 2). In this model, dynein
is recruited to the nuclear envelope during prophase
of mitosis. As a minus-end-directed motor, dynein will
move in the direction of the centrosomes, taking the
associated nuclear envelope components along for
the ride. This generates invaginations in the vicinity of
centrosomes, stretching the opposite surface of the
nuclear envelope. Eventually, the nuclear envelope
can no longer withstand the tension and it tears at the
site of maximal stretching, triggering membrane per-
meabilization and NEBD. Do other nuclear envelope
components simply play a passive role in this model?
Definitely not as, for instance, cells expressing mutant
forms of lamins A and B that can not be phosphory-
lated by p34cdc2 are unable to undergo NEBD [15].
Modifications of other components of the nuclear
envelope, including nuclear pore complexes, have
also been suggested to be essential for NEBD [16].
But while they play important roles in the execution of
NEBD after hole formation, these other components
do not appear to trigger the process under normal 
circumstances.
This model raises a number of new questions about
the mechanisms governing NEBD. For instance, it will
be important to determine where exactly dynein local-
izes on the nuclear envelope and how its cell-cycle
dependent recruitment is achieved. Equally interesting
will be to investigate whether dynein is required for
NEBD through its motor activity, as proposed in the
new model, or through an effect on microtubule
dynamics, a possibility raised by the observation that
microtubule dynamics are altered in dynein heavy
chain mutants in Saccharomyces cerevisae and
Aspergillus nidulans [17,18]. It will also be important to
address to what extent the new model is applicable to
NEBD in other cell types, including in genetically
tractable organisms such as Drosophila or Caenorhab-
ditis elegans, where the requirement for dynein func-
tion can be readily assessed [14,19]. Another line of
research will undoubtedly explore the extent to which
the newly uncovered mechanism is altered across
eukaryotic evolution, which may help understand the
transition from the ‘closed mitosis’ observed in most
unicellular organisms to the ‘open mitosis’ observed
in most metzaoan cells.
Why did metazoan cells develop a dynein- and micro-
tubule-based mechanism for triggering NEBD, when
NEBD can take place in their absence? Cytoplasmic
dynein is also required for centrosome separation
[14,19,20], a key event at the onset of mitosis. Reliance
on dynein function for both centrosome separation and
triggering NEBD may therefore provide a way of ensur-
ing that the two events take place in a coordinated
Figure 1. Live imaging of NRK cells
expressing lamin B1-YFP (green) and
injected with 500 kDa Cy5 dextran (red)
into the cytoplasm.
Nuclear pore complexes allow molecules
up to about 40 kDa to cross the nuclear
envelope, so dextran entry into the nucle-
oplasm serves as a precise time mark for
NEBD. Arrowheads point to holes in the
nuclear envelope. Note that NEBD initiates
with a large hole on the nuclear envelope
(arrowhead, middle panel), accompanied
by membrane permeabilization at that
location. Accumulation of lamin B1–YFP in
the invaginations on the surface of the
nuclear envelope is also visible.
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Figure 2. A model for NEBD.
The three-layered nuclear envelope is
depicted from prophase (A) until NEBD
(C). Nuclear pore complexes are indicated
in orange, chromosomes in green, centro-
somes and microtubules in dark blue, and
cytoplasmic dynein in red. (A) Cytoplas-
mic dynein molecues are recruited to the
nuclear envelope during prophase. (B) By
virtue of its minus-end-directed motility,
dynein moves in the direction of centro-
somes (red arrows), pulling along associ-
ated nuclear envelope components. This
results in invaginations in the vicinity of centrosomes, and stretches the opposite surface of the nuclear envelope, indicated by the
increased distance separating nuclear pore complexes. (C) As pulling forces augment with increased length and number of micro-
tubules, invaginations deepen and the nuclear envelope tears at the site of maximal stretching, thus triggering membrane permeabi-
lization and NEBD. Note that chromosome condensation is accelerated following membrane permeabilization. (See text and [4,5] for
details.)
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manner. An alternative explanation rests on the obser-
vation that NEBD is less efficient in the absence of
dynein or microtubules. While slower progression
through mitosis may have minimal consequences
in somatic cells, this may be different in early embry-
onic cells which oscillate rapidly between M and
S phase, and in which timely NEBD may be an
absolute necessity.
References
1. Marshall, I.C.B. and Wilson, K.L. (1997). Nuclear envelope assembly
after mitosis. Trends Cell Biol. 7, 69–74.
2. Stick, R. and Schwarz, H. (1983). Disappearance and reformation of
the nuclear lamina structure during specific stages of meiosis in
oocytes. Cell 33, 949–958.
3. Newport, J. and Spann, T. (1987). Disassembly of the nucleus in
mitotic extracts: membrane vesicularization, lamin disassembly,
and chromosome condensation are independent processes. Cell
48, 219–230.
4. Salina, D., Bodoor, K., Eckley, D.M., Schroer, T.A., Rattner, J.B. and
Burke, B. (2002). Cytoplasmic Dynein as a facilitator of nuclear
envelope breakdown. Cell 108, 97–107.
5. Beaudouin, J., Gerlich, D., Daigle, N., Eils, R. and Ellenberg, J.
(2002). Nuclear envelope breakdown proceeds by microtubule-
induced tearing of the lamina. Cell 108, 83–96.
6. Paweletz, N. and Lang, U. (1988). Fine structural studies of early
mitotic stages in untreated and nocodazole-treated HeLa cells. Eur.
J. Cell Biol. 47, 334–345.
7. Robbins, E. and Gonatas, N.K. (1964). The ultrastructure of a mam-
malian cell during the mitotic cell cycle. J. Cell Biol. 21, 429–463.
8. Georgatos, S.D., Pyrpasopoulou, A. and Theodoropoulos, P.A.
(1997). Nuclear envelope breakdown in mammalian cells involves
stepwise lamina disassembly and microtubule-driven deformation
of the nuclear membrane. J. Cell Sci. 110, 2129–2140.
9. Hamaguchi, Y., Satoh, S.K. and Hamaguchi, M.S. (1993). Projec-
tions of the nuclear envelope into the nucleus prior to its break-
down. Bioimages 1, 129–136.
10. Longo, F.J. (1972). An ultrastructural analysis of mitosis and cytoki-
nesis in the zygote of the sea urchin, Arbacia punctulata. J.
Morphol. 138, 207–238.
11. Terasaki, M. (2000). Dynamics of the endoplasmic reticulum and
golgi apparatus during early sea urchin development. Mol. Biol. Cell
11, 897–914.
12. Bajer, A. and Molé-Bajer, J. (1969). Formation of spindle fibers,
kinetochore orientation, and behavior of the nuclear envelope
during mitosis in endosperm. Chromosoma 27, 448–484.
13. Busson, S., Dujardin, D., Moreau, A., Dompierre, J. and De Mey,
J.R. (1998). Dynein and dynactin are localized to astral microtubules
and at cortical sites in mitotic epithelial cells. Curr. Biol. 8, 541–544.
14. Gönczy, P., Pichler, S., Kirkham, M. and Hyman, A.A. (1999). Cyto-
plasmic dynein is required for distinct aspects of MTOC position-
ing, including centrosome separation, in the one cell stage
Caenorhabditis elegans embryo. J. Cell Biol. 147, 135–150.
15. Heald, R. and McKeon, F. (1990). Mutations of phosphorylation sites
in lamin A that prevent nuclear lamina disassembly in mitosis. Cell
61, 579–589.
16. Terasaki, M., Campagnola, P., Rolls, M.M., Stein, P.A., Ellenberg, J.,
Hinkle, B. and Slepchenko, B. (2001). A new model for nuclear enve-
lope breakdown. Mol. Biol. Cell 12, 503–510.
17. Carminati, J.L. and Stearns, T. (1997). Microtubules orient the
mitotic spindle in yeast through dynein-dependent interactions with
the cell cortex. J. Cell Biol. 138, 629–641.
18. Han, G., Liu, B., Zhang, J., Zuo, W., Morris, N.R. and Xiang, X.
(2001). The Aspergillus cytoplasmic dynein heavy chain and NUDF
localize to microtubule ends and affect microtubule dynamics. Curr.
Biol. 11, 719–724.
19. Robinson, J.T., Wojcik, E.J., Sanders, M.A., McGrail, M. and Hays,
T.S. (1999). Cytoplasmic dynein is required for the nuclear attach-
ment and migration of centrosomes during mitosis in Drosophila. J.
Cell Biol. 146, 597–608.
20. Vaisberg, E.A., Koonce, M.P. and McIntosh, J.R. (1993). Cytoplas-
mic dynein plays a role in mammalian mitotic spindle formation. J.
Cell Biol. 123, 849–858.
